Summary: The upper cervical esophagus is exerted on swallowing and peristalsis by somatic and visceral motoneurons, whereas the lower esophagus is exerted on only peristalsis by visceral motoneurons. We examined the origin of the esophageal motoneurons and whether there were any differences between the distributions of the upper and the lower esophageal motoneurons in the medulla and the spinal cord using cholera toxin subunit b (CTb) as the retrograde tracer. Following injection of CTb into the cervical esophagus resulted in heavy labeling of the neurons in the nucleus ambiguus including the compact (AmC), semicompact (AmS) and loose (AmL) formations, and the medial column of lamina IX at the C1-C5 levels of the cervical spinal cord corresponding to the spinal accessory nucleus. A few labeled neurons were found in the inferior salivatory nucleus, the rostral division of the dorsal motor nucleus of the vagus (DMX), the accessory facial nucleus and the lateral column of lamina IX at the C2 and C3 levels. All these labeled neurons showed ChAT immunoreactivity. When CTb was injected into the cut end of the unilateral recurrent laryngeal nerve, many labeled neurons were found in the ipsilateral AmC, the AmL, and the bilateral medial column at the C1 and C2 levels. Following injection of CTb into the subdiaphragmatic esophagus resulted in heavy labeling of the neurons only in the AmC and the DMX. When CTb was injected into the sternomastoid muscle, many labeled neurons were found in the medullary reticular formation, the facial nucleus, the medial column at the C1-C3, C5 and C6 levels, and the lateral column at the C2, C3, C5 and C6 levels. Injections of a Fluoro-Gold into the cervical esophagus and a CTb into the sternomastoid muscle or the subdiaphragmatic esophagus in the same animal showed many double labeled neurons in the medial column of the accessory nucleus at the C1 and C2 levels, but no double labeled neurons in the AmC. These results indicated that the upper cervical esophagus is innervated by the visceral medullary vagal motoneurons as well as the somatic spinal accessory motoneurons. The lower esophagus is innervated only by the visceral medullary vagal motoneurons.
During the pharyngeal stage of swallowing, the pharynx, the larynx and the upper esophagus are elevated, and the pharyngo-esophageal junction is closed (Miller, 1982) . At the esophageal stage, the junction opens to pass the food bolus, which is sent to the stomach by peristalsis of the upper and the lower esophagus. The cervical esophagus is innervated by the esophageal branches of the recurrent laryngeal and the superior laryngeal nerves (Kohler et al., 1994) . The lower esophagus is innervated by the branches from the thoracic vagal trunk. Many retrograde tracing studies using wheat germ agglutinin conjugated to horseradish peroxidase (HRP) or cholera toxin (CT) conjugated to HRP, or free HRP have revealed that there are topographic projections from the subnuclei of the nucleus ambiguus to the visceral organs (Coil and Norgren, 1979; Kalia and Mesulam, 1980a, b; Kalia and Sullivan, 1982; Fryscak et al., 1984) . The compact formation (AmC) of the nucleus ambiguus projects to the cervical and subdiaphragmatic esophagus, the semicompact formation (AmS) to the pharynx, the loose formation (AmL) to the laryngeal muscles, and the external formation to the heart and the lung (Bieger and Hopkins, 1987) .
The neuronal circuitry in the medulla between the nucleus of the solitary tract (NTS) and the nucleus ambiguus for the swallowing reflex has been All correspondence should be addressed to: Tetsu Hayakawa, Department of Anatomy, Hyogo College of Medicine. Mukogawa. Nishinomiya, Hyogo 663-8501, Japan. E-mail: tetsu@hyo-med.ac.jp Cunningham and Sawchenko, 2000) . The nodose ganglion neurons convey sensory information from the esophageal wall to the central subnucleus of the NTS, which projects directly to the AmC. Then, motoneurons in the AmC innervate the esophageal muscles to control peristalsis. Most of the NTS terminals contacting the AmC motoneurons have Gray's type I asymmetric synapses, which are generally found to be excitatory (Hayakawa et al., 1997) .
Other retrograde tracing studies have examined the afferent projections to the esophageal wall from the cervical dorsal root ganglion in the cat (Khurana and Petras, 1991; Collman et al., 1992), the mouse (Sang and Young, 1998 ) and the rat (Uddman et al., 1995). These results suggested that there was a neuronal circuitry in the spinal cord for esophageal activity. Kalia and Sullivan (1982) have reported in their HRP study that a few neurons in the spinal accessory nucleus sent fibers to the cervical vagal trunk. Thus, it is likely that the cervical esophagus receives projections from the spinal accessory nucleus. Projections from the cranial root of the accessory nerve to the recurrent laryngeal nerve have been reported in the rabbit (Kitamura et aL, 1987) , though this projection has been denied in the cat (Gacek and Lyon, 1976) . However, there have been few studies about the participation of the spinal accessory motoneurons in the innervation to the esophagus. The cervical and the subdiaphragmatic esophagi of the rat are both composed of striated muscle (Gruber, 1978) , but they have different functions and activities for swallowing, peristalsis or emesis. Thus they seem to receive innervations from different nuclei besides the AmC.
In the present study, we examined the distributions of the cervical and the subdiaphragmatic esophageal motoneurons in the medulla and the spinal cord using the highly sensitive retrograde tracer cholera toxin subunit b (CTb) (Luppi et al., 1990; Vercelli et al., 2000) . Then we determined whether these motoneurons are cholinergic (Ruggiero et al. , 1990) by combining the retrograde tracer CTb and immunohistochemistry for choline acetyltransferase (ChAT). In addition, we attempted to clarify whether the cervical esophageal motoneurons have collateral projections to the subdiaphragmatic esophagus, or the sternomastoid muscle which is innervated by the spinal accessory neurons by using double-labeling with the retrograde fluorescent tracers of Fluoro-Gold (FG) and CTb.
Materials and Methods
Forty two male Sprague-Dawley rats weighing 250-300 g were used in this study. All surgical procedures were carried out under sodium pentobarbital anesthesia (40 mg/kg, i.p.), and were approved by the Animal Care and Use Committee of Hyogo College of Medicine. CTb (List Biological Laboratories, Campbell, CA) was injected into the left side of the cervical esophagus in 17 cases. These cases were divided into seven groups, that is, 1) CTb injection without cutting any nerves (6 cases), 2) CTb injection after cutting both the left vagal trunk and the spinal root of accessory nerve at the level of the nodose ganglion (2 cases), 3) CTb injection after cutting the left superior laryngeal nerve at the level of the thyroid cartilage (3 cases), 4) CTb injection after cutting the left recurrent laryngeal nerve at the level of 8th tracheal cartilage (3 cases), 5) CTb injection after cutting both the left superior and recurrent laryngeal nerves (2 cases), 6) CTb injection after cutting the left spinal root of the accessory nerve after branching from the vagal trunk (1 case), 7) CTb injection after removing the left sternomastoid and cleidomastoid muscles (1 case). CTb was also injected into the left side of the subdiaphragmatic esophagus (3 cases), the sternomastoid muscle (5 cases) and the cut end of the recurrent laryngeal nerve (3 cases). The cervical esophagus was exposed by removing the left sternohyoid and sternothyroid muscles, and separated from the trachea and the prevertebral muscles. Parafilm sheet (American National Can, Chicago, IL) was inserted between the esophagus and the prevertebral muscles to prevent the spread of tracer. Using a glass micropipette (tip diameter 80 p.m) affixed to a 10 tl Hamilton syringe, 3 ill of 1% CTb was injected by pressure. Then, the esophagus was wrapped with Parafilm sheet and cling-film to avoid contacting the adjacent structures and nerves, and the wound was closed. For application of CTb to the recurrent laryngeal nerve, the cervical esophagus was exposed and separated as described above. The left recurrent laryngeal nerve was cut at the level of the 6th tracheal cartilage, and the cranial end was inserted into a small piece of tube filled with 5 gl of 1% CTb. Then the tube was sealed and fixed with glue, and wrapped with cling-film. The subdiaphragmatic esophagus was exposed by opening the abdominal wall and pushing aside the liver, and then injected two shots of 3 ill of 1% CTb. The sternomastoid muscle was exposed and separated from the cleidomastoid and infrahyoid muscles. Three shots of 2 gl of 1% CTb were injected to the ventral part of the muscle. To control for potential false labeling due to the spread of the tracer, 10 1.11 of CTb was poured over the surface of the trachea and the cervical esophagus after removing the infrahyoid muscles (2 cases). Then, the wound was closed without wiping out CTb.
Three days after the CTb injections, the animals were perfused with 100 ml of PBS (0.9% NaC1 in 0.1 M phosphate buffer at pH 7.4) followed by 500 ml of 4% paraformaldehyde-15% picric acid in PB (0.1 M phosphate buffer at pH 7.4). The brain and the spinal cord were removed and placed in the same fixative for one hour. Serial frontal sections through the medulla oblongata to the cervical spinal cord were cut at 70 tim with a Vibratome. After a rinse with PB, the sections were incubated with 1% bovine serum albumin in PBSX (0.1 M phosphate buffer at pH 7.4 containing 0.3% Triton X-100 and 0.9% NaC1) for one hour. The sections were then incubated with a goat anti-CTb serum (List Biological Laboratories; 1 :20,000 dilution) for three days. The primary antibodies were localized by incubation with biotinylated donkey anti-goat IgG (Jackson, West Grove, PA; 1 : 2,000 dilution) for 5 hours, and then with streptavidin-conjugated HRP (Jackson; 1 :2,000 dilution) for one day. The sections were rinsed with 0.1 M Tris buffer (pH 7.4), and reacted with a solution of 0.04% 3,3'-diaminobenzidine (DAB) and 0.005% H202 in 0.1 M Tris buffer (pH 7.4) for 5 minutes to make brown reaction products. Then the sections were mounted onto gelatin-coated slides. All sera were diluted with PBSX. After each step of the reaction, the sections were rinsed thoroughly with PBSX. Some sections were counterstained with thionin after defatting in a mixture of chloroform and ethanol (1 :1) for cytoarchitectonic observations.
For simultaneous visualization of ChAT-and CTb-labeled esophageal motoneurons (3 cases), the Vibratome sections of the animals injected CTb into the cervical esophagus were first processed for CTb immunohistochemistry. The sections were incubated with goat anti-CTb serum, biotinylated donkey anti-goat IgG, and streptavidin-conjugated HRP as described above. After rinsing with PBS, the sections were developed with Vector SG substrate Kit (Vector Laboratories, Burlingame, CA) for 3 minutes to make blue reaction products. After rinsing with PBS, the sections were immersed in 1 % H202 for 1 hour to eliminate the residual activity of the biotinylated peroxidase. Then the sections were incubated with monoclonal anti-ChAT antibodies (Chemicon, Temecula, CA; 1 : 250 dilution) for two days, and localized with rabbit anti-mouse IgG (Chemicon; 1 : 2,000 dilution) for 2 hours, and with the Vectastain ABC kit (Vector Laboratories) for 2 hours. The sections were rinsed with PBS, and reacted with a solution of 0.04% DAB and 0.005% H202 in PB for 10 minutes to make brown products. Then the CTb and ChAT immunolabeling could be distinguished in the same section by the blue and brown reaction products, respectively, under bright field microscopy (Valentino et aL, 2000) .
To demonstrate collateral projections from the cervical esophageal motoneurons to the subdiaphragmatic esophagus or the sternomastoid muscle, 8 Ill of 2% FG (Fluorochrome, Englewood, CO) was injected into the cervical esophagus followed by injection of 5 ptl of 1% CTb into the subdiaphragmatic esophagus (2 cases), or the ipsilateral sternomastoid muscle (6 cases) in the same animal. The cervical esophagus was exposed and separated as was the case of CTb injection. Three days after the injections, the animals were fixed as described above. Vibratome sections were cut and incubated with goat anti-CTb serum (List Biological Laboratories; 1 : 20,000 dilution) for three days, and localized with FITC-conjugated donkey anti-goat IgG (Jackson; 1 : 200 dilution) for 5 hours. After rinsing with PBSX, the sections were mounted onto gelatin-coated slides and cover-slipped with PermaFluor (Shandon, Pittsburgh, PA) to prevent fading. The FITC was viewed by using a filter with an excitation peak of 490 nm and an emission peak of 520 nm, and the FG was viewed by using a filter with an excitation peak of 323 nm and an emission peak of 408 nm. Fluorescence photomicrographs were made with a standard automatic exposure systern (Olympus AX80). The nomenclature for the nuclei in the medulla oblongata and the spinal cord follows the atlases of Paxinos and Watson (1997) and Molander et aL (1989) .
Results
When CTb was injected into the left cervical esophagus at the levels of 3rd through 8th tracheal cartilage, many retrogradely labeled neurons were found bilaterally in the medulla and the cervical spinal cord in all cases. The distribution of labeled neurons was described as the typical case in Case A148 (Fig. 1) . In the medulla, many prominently labeled neurons were recognized as the mediumsized neurons of AmC, and the large neurons of AmS ( Fig. 2A ). There were also several labeled neurons in the accessory facial nucleus and the AmL (Fig. 1A-C) . Several labeled small neurons were distributed from the inferior salivatory nucleus to the rostral division of the dorsal motor nucleus of the vagus (DMX) (Fig. 1A, B) . Only a few labeled large neurons were present in the medial part of the facial nucleus (Fig. 1A ). In the cervical and the cervical spinal cord at the Cl through C6 levels (E-J) after an injection of CTb into the left cervical esophagus in Case A148. spinal cord, many large polygonal neurons were labeled bilaterally in the medial column of lamina IX of the anterior horn at the Cl level just caudal to the pyramidal decussation through the C5 level ( Fig. 1E-I ). The labeling profiles were dominant on the ipsilateral side. The medial column at the Cl through C3 levels were covered entirely with many labeled neurons on the ipsilateral side in every section (Figs. 1E-G and 2B, C). Several labeled neurons extended to the lamina VIII at the Cl and C2 levels (Fig. 1E, F) . At the C4 and C5 levels, the slender labeled neurons were located at the medial edge of the medial column (Figs. 1H, I and 2D). The commissural fibers extending from the labeled neurons were found in the ventral funiculus (Fig.  2C, D) . A few but prominent labeled neurons were found ipsilaterally in the lateral column of lamina IX at the C2, C3 and C5 levels (Figs. 1F-I and 2C).
No labeled neurons were found in the ventral column of the anterior horn. When the cut end of the unilateral recurrent laryngeal nerve was immersed in CTb at the level of the 6th tracheal cartilage, many retrogradely labeled neurons were found in the medulla on the ipsilateral side, and in the spinal cord on both sides (Fig. 3) . In Case A149, many labeled neurons were found in the AmC (Fig. 4A) and the AmL. A few labeled neurons were present in the facial nucleus and the accessory facial nucleus (Fig. 3A) . No labeled neurons were found in the AmS, the inferior salivatory nucleus and the DMX (Table 1 ). In the cervical spinal cord, many labeled neurons were found in the medial column at the Cl level just caudal to the pyramidal decussation through the C2 level (Figs. 3D, E and 4D, E). The number of la beled neurons in the medial column at the con tralateral side was smaller than that of the ipsi lateral side. No labeled neurons were found in th( medial column below the C3 level, and in the lat eral column except for two labeled neurons at th( C3 level. When CTb was injected into the subdiaphragmatic esophagus, numerous retrogradely labeled neurons were found in the AmC (Fig. 4F ) and throughout the rostrocaudal extent of the DMX (Fig. 4G) in Case A164. No labeled neurons were found in the AmS, AmL, or the medial and lateral columns of the cervical spinal cord (Table 1) . Following CTb injection into the left cervical esophagus after cutting both the left vagus nerve and the root of accessory nerve at the level of the nodose ganglion resulted in no labeling neurons in the medulla and the lateral column of the spinal cord on the ipsilateral side. A few labeled neurons were still present in the ipsilateral medial column at the Cl through C4 levels in Case A179 (Table 1) .
When CTb was injected into the left cervical esophagus after cutting the left superior laryngeal nerve in Case A165, many labeled neurons were found in the AmC on both sides and only a few labeled neurons were in the AmS on the ipsilateral side (Fig. 4B, C) . Besides the nucleus ambiguus, the distribution pattern of labeled neurons was similar to that in the case of injection without cutting the nerve (Table 1) . Injection of CTb after cutting the left recurrent laryngeal nerve in Case A157 resulted in a similar pattern of labeling of the neurons in the medulla and the spinal cord to that in the case of injection without cutting the nerve (Table  1) . Nevertheless, the number of labeled neurons was small in the AmC and the AmL. When CTb was injected into the cervical esophagus after cutting both the left superior and the recurrent laryngeal nerves, a few labeled neurons were still present in the AmC, the AmL and the medial column at the Cl through C3 levels in Case A178 on the ipsilateral side (Table 1) . In these experiments, many labeled neurons were found in the medulla and the medial and the lateral columns of the spinal accessory nucleus on the contralateral side. Following CTb injections after cutting the left spinal root of accessory nerve after branching from the vagus nerve in Case A180, or removing the sterno-and cleidomastoid muscles in Case A181, resulted in a similar pattern of labeling of the neurons in the medulla and the spinal cord to that in the case of the injection without cutting the nerve or removing the muscles. Injection of CTb into the left sternomastoid muscle resulted in heavy labeling of the neurons in the medulla and the spinal cord in Case A161 (Fig. 5) . Many large labeled neurons were found ipsilaterally in the reticular formation dorsal to the facial nucleus and medial to the inferior salivatory nucleus (Fig. 6A ). There were also several labeled neurons in the medial part of the facial nucleus and the AmC (Figs. 5A, B and 6A ). In the cervical spinal cord, many labeled neurons were found ipsilaterally in every section in the medial column at the Cl through C3 levels (Figs. 5E-G, and 6B, C). The shape and location of labeled neurons were similar to those of the cervical esophageal motoneurons at the Cl through C3 levels. A considerable number of labeled neurons were recognized on the contralateral side of the medial column at the Cl and C2 levels (Fig. 6B) . At the C5 and C6 levels, several labeled neurons were found at the medial edge of the medial column (Fig. 6D ). There were also many prominent labeled neurons in the lateral column at the C2 and C3 levels (Fig. 6C) , and a few labeled neurons in the ventral column at the C5 and C6 levels, ipsilaterally (Fig. 51, J) . In the control experiments of the CTb pouring over the surface of To determine whether the cervical esophageal motoneurons use acetylcholine as a neurotransmitter, the neurons were labeled with ChAT immunohistochemistry followed by retrograde labeling with CTb. The double-labeled neurons were visualized as perikarya with a brown cytoplasm for ChAT-like immunoreactivity that contained granular blue reaction products of the retrogradely transported CTb (Fig. 7A ). All cervical esophageal mo- were found in the medial, the lateral and the ventral column of lamina IX (Fig. 7B ). All esophageal motoneurons showed ChAT immunoreactivity in the medial and the lateral column of the cervical spinal cord at the Cl through C5 levels (Fig. 7B ).
FG and CTb were injected into the cervical esophagus and the subdiaphragmatic esophagus, respectively, in the same animal to determine whether a single neuron of the AmC sent collateral fibers to both the upper and the lower esophagus. When FG was injected into the cervical esophagus, many retrogradely FG-labeled neurons were found in the AmC (Fig. 7C ) and the medial column at the Cl and C2 levels of the cervical spinal cord in Case A177. Besides the AmC and the medial column, a few labeled neurons were found in the medulla and the spinal cord. When CTb was injected into the subdiaphragmatic esophagus, many retrogradely CTb-labeled neurons were visualized with green fluorescent for FITC in the AmC (Fig. 7D) . Numerous CTb-labeled neurons were intermingled with FG-labeled neurons in the AmC. However, no double-labeled neurons were found in the AmC (Fig. 7C, D) .
FG and CTb were injected into the cervical esophagus and the sternomastoid muscle, respectively, to determine whether a single neuron in the medial column of lamina IX sends collateral fibers to the esophagus and the sternomastoid muscle. In Case A175, FG was injected into the cervical esophagus and CTbwas injected into the sternomastoid muscle. In the cervical spinal cord, many FG-labeled cervical esophageal motoneurons were found in the medial column in every section at the Cl and C2 levels (Fig. 7E) . A few FG-labeled neurons were found in the medial column at the C3 through C5 levels and the lateral column at the C2 and C3 levels. The number of FG-labeled neurons was smaller than that of the CTb labeled esophageal motoneurons in the spinal cord. Many CTb-labeled neurons were also found in the medial column (Fig. 7F ) and the lateral column as in the cases with single injections of CTb. Almost all FG-labeled neurons were also labeled with CTb in the medial column at the Cl and C2 levels (Fig. 7E, F) . A few doublelabeled neurons were found in the lateral column at the C2 and C3 levels. No double-labeled neurons were found in the medulla.
Discussion
The present results have demonstrated the distribution of esophageal motoneurons in the medulla and the spinal cord. The cervical esophagus receives projections from the AmC, AmS, AmL, the accessory facial nucleus, the inferior salivatory nucleus and the rostral division of DMX. The cervical esophageal motoneurons are also located in the medial column at the Cl through C5 levels and the lateral column at the C2, C3 and C5 levels of the cervical spinal cord. These spinal motoneurons are considered to be the neurons of the spinal accessory nucleus, because the present retrograde double-labeling study revealed collateral projections to the cervical esophagus and to the sternomastoid muscle. On the other hand, the subdiaphragmatic esophagus receives innervations only from the AmC and the DMX. The neurons in the AmC that innervate the subdiaphragmatic esophagus do not send collateral fibers to the cervical esophagus (Fig. 8) .
There are technical problems about the spread of CTb to the adjacent structures and the uptake of CTb by passage of fibers. In the present study, CTb was injected into the cervical esophagus after removing the sternohyoid and the sternothyroid muscles, and separating the esophagus from the prevertebral muscles by Parafilm sheet. Then, the esophagus was wrapped by Parafilm sheet and clingfilm to prevent the spread of tracer to the adjacent structures and nerves. And the cases of CTb injections after cutting the spinal root of the accessory nerve after branching from the vagus nerve, or after removing the sterno-and the cleidomastoid muscles resulted in a similar pattern of labeling of the neurons to that in the case of injection without cutting the nerve or removing the muscles. Thus, the results of cervical esophageal injections would not include retrograde labeling of neurons innervating the infrahyoid, the prevertebral or the sternomastoid muscles. The results of the application of CTb to the cut end of the recurrent laryngeal nerve may confirm the innervation to the esophagus from the cervical spinal cord. Since long survival time (more than 7 days) for CTb injection might allow the uptake of tracer by undamaged fibers (Ericson and Blomqvist, 1988), we employed short survival time (3 days) in CTb injections. And there has been no transneuronal transport of CTb occurred in the present experiments, because no retrogradely labeled neurons were found in the NTS after CTb injection into the esophagus. The tracheal and esophageal surface application of the tracer did not result in any labeling of the medulla and the spinal cord. Furthermore, though FG labeling is much less sensitive than CTb labeling in the medulla and the spinal cord after the cervical esophageal injection, many retrogradely FG-labeled neurons were found not only in the AmC but also in the medial column of the cervical spinal cord (Fig. 7C, E) . These results indicated that the heavy retrograde labeling of the cervical esophageal motoneurons was due to the high sensitivity of the retrograde tracer of CTb, not to the spread of the tracer during the injection (Vercelli et al., 2000; Hayakawa et al., 2001 ). Bieger and Hopkins (1987) have demonstrated the visceral topographic representation of the motoneurons among subnuclei of the nucleus ambiguus. Recent retrograde tracing studies have reported that the AmC sent fibers to various organs besides the esophagus, such as the trachea (Haxhiu et al., 1993) , the thymus (Dovas et al., 1998) , the lung (Haxhiu et at, 1993; Hadziefendic and Haxhiu, 1999) , and the heart (Stuesse, 1982; Cheng et al., 1999) . Similar to the case with HRP injections (Dovas et al., 1998) , the present application of CTb to the recurrent laryngeal nerve resulted in labeling of the neurons not only in the AmL but also in the AmC and AmS. On the other hand, the subdiaphragmatic esophagus was innervated only by the AmC and the DMX (Fryscak et al., 1984; Bieger and Hopkins, 1987; Altschuler et al., 1991; Hyland et aL, 2001 ). The present retrograde doublelabeling study showed no collateral projections of the neurons in the AmC to the upper and the lower esophagus. These results agreed with the report of Bieger and Hopkins (1987) . The neurons in the DMX send collateral fibers to the lower esophagus and the fundus of the stomach in the ferret (Hyland  et al., 2001 ). The neurons in the DMX may coordinate the activities of the sphincter muscles of the lower esophagus and the fundus of stomach during peristalsis or emesis using acetylcholine or nitric oxide (Rossiter et al., 1990; Mittal et al., 1995a, b) . The cervical and the subdiaphragmatic esophageal motoneurons in the AmC may independently control swallowing and peristalsis. In addition, since the subdiaphragmatic esophagus receives no projections from the motoneurons in the spinal cord, the activity of the lower esophagus will not be influenced by the movement of the cervical muscles or swallowing.
The present experiments of CTb injections into the cervical esophagus after cutting the vagus nerve, the superior laryngeal nerve, the recurrent laryngeal nerve, or the spinal root of accessory nerve, indicated that the cervical esophagus received projections from the superior laryngeal and the recurrent laryngeal nerves. The cervical esophageal motoneurons in the spinal cord send fibers to the accessory nerve, and which project to the cervical esophagus and the sternomastoid muscle by collateral fibers running through the spinal root of accessory nerve, and the superior laryngeal and the recurrent laryngeal nerves (Fig. 8) . The injection into the cervical esophagus after cutting the superior or the recurrent laryngeal nerves failed to eliminate all esophageal motoneuronal labeling in the inferior salivatory nucleus, the dorsal division of DMX, the nucleus ambiguus and the medial column of the spinal cord (Table 1) . These results may be due to the innervation by nerve fibers from the inner branch of the superior laryngeal nerves, the thoracic branches of the recurrent laryngeal nerve ascending along the esophageal wall, and the pharyngeal branches of the glossopharyngeal nerve (Hamilton and Norgren, 1984; Kobler et aL, 1994; Brining and Smith, 1996) . Kalia and Sullivan (1982) have reported that a few neurons of the spinal accessory nucleus and the nucleus retroambigualis at the Cl and C2 levels sent fibers to the cervical vagus nerve in the rat. The nucleus dorsomedialis just dorsal and lateral to the ventral funiculus at the Cl through C3 levels also sent fibers to the vagus nerve in the cat (Kalia and Mesulam, 1980a, b) . Both the nucleus dorsomedialis and the nucleus retroambigualis are not distinctly defined cytoarchitectonically from the medial column or the lateral column of the anterior horn of the cervical spinal cord. The present results showed that most of the cervical esophageal motoneurons comprising the medial and the lateral column sent collateral fibers to the sternomastoid muscle. Thus, we included the nucleus dorsomedialis and the nucleus retroambigualis as a part of the medial or the lateral column of the spinal accessory nucleus. The nucleus ambiguus and the spinal accessory nucleus contain many cholinergic neurons (Ruggiero et al., 1990; Woolf, 1991) . The present results of dual labeling for ChAT and the retrogradely transported CTb showed that all cervical esophageal motoneurons located in the medulla and the spinal cord were cholinergic, and may activate the striated muscles of the esophageal wall (Hadziefendic and Haxhiu, 1999 ) and the sternomastoid muscle.
Retrograde tracing studies have reported that the sternomastoid muscle is innervated by the neurons in the medial column at the Cl and C2 levels (Kitamura and Sakai, 1982) and the neurons in the lateral column at the C3 level (Gottschall et al., 1980) , while the cleidomastoid muscle is innervated by the neurons in the lateral column at the C2 and C3 levels, ipsilaterally (Kitamura and Sakai, 1982) . The neurons in the lateral column at the C2 through C6 levels also innervate the trapezius muscle, ipsilaterally (Kitamura and Sakai, 1982; Brichta et al., 1987; Krammer et aL, 1987) . The present results demonstrated that the sternomastoid muscle is innervated by the neurons not only in the medial column at the Cl through C3 levels but also in the lateral column at the C2 and C3 levels, and the ventral column at the C5 and C6 levels. Most of these motoneurons in the medial column sent collateral projections to the cervical esophagus. The functional significance of collateral projections to the sternomastoid muscle is not known; however, the neck movement may be regulated by the cervical esophageal motoneurons during swallowing or peristalsis.
The bilateral labeling in the medulla after CTb injections into the cervical esophagus (Fig. 1 ) may be due to the spread of the tracer to the contralateral side of the esophageal wall. However, CTb injections into the unilateral recurrent laryngeal nerve or the sternomastoid muscle resulted in labeling of neurons in the bilateral medial column at the Cl and C2 levels (Figs. 5 and 6 ). Also, a few esophageal motoneurons were still labeled on the contralateral side in the case of CTb injection after cutting both the left vagal nerve and the spinal root of the accessory nerve, or both the left superior and recurrent laryngeal nerves. These results may indicate that at least the neurons of medial column at the Cl and C2 levels projected bilaterally to the cervical esophagus and the sternomastoid muscle. The labeled commissural fibers extending from the neurons in the contralateral medial column were found to cross the ventral funiculus and enter the ipsilateral medial column. Thus, the cervical esophageal motoneurons in the spinal cord may send fibers ipsilaterally and contralaterally, run through the cranial root of the accessory nerve, and join the superior and the recurrent laryngeal nerves (Matesz Young, 1998 ). The present results of the projections from the spinal accessory motoneurons to the cervical esophagus could provided a neuronal circuitry for swallowing in the spinal cord, though there were no physiological and pharmacological evidence. The medial column of the spinal cord also receives inputs from the NTS (Mrini and Jean, 1995) , the paraventricular hypothalamic nucleus (Zheng et al., 1995) and the parabrachial nucleus (Fulwiler and Saper, 1984) , as well as direct or indirect projections from the cerebral motor cortex (Armand, 1982) . Thus, the cervical esophageal motoneurons in the accessory nucleus may control somatomotor activity for swallowing, while the nucleus ambiguus may control visceromotor activity for swallowing, peristalsis or emesis on the cervical and subdiaphragmatic esophagus.
